The increase of atmospheric carbon dioxide (CO 2 ) concentration adversely affect several quality traits of rice grains, but the biochemical mechanism remains unclear. The objectives of this study were to determine how changes in the source-sink relationship affected rice quality. Source-sink manipulation was achieved by free-air CO 2 enrichment from tillering to maturity and partial removal of spikelet at anthesis using a japonica rice cultivar Wuyunjing 23. Enrichment with CO 2 decreased the head rice percentage and protein concentration of milled rice, but increased the grain chalkiness. In contrast, spikelet removal resulted in a dramatic increase in the head rice percentage and protein concentration, and much less grain chalkiness. Neither CO 2 enrichment nor spikelet removal affected the starch content, but the distribution of starch granule size showed distinct treatment effects. On average, spikelet removal decreased the percentage of starch granules of diameter >10 and 5-10 μm by 23.6 and 5.6%, respectively, and increased those with a diameter of 2-5 and <2 μm by 4.6 and 3.3%, respectively. In contrast, CO 2 elevation showed an opposite response: increasing the proportion of large starch granules (>5 μm) and decreasing that of <5 μm. The starch pasting properties were affected by spikelet removal much more than by CO 2 elevation. These results indicated that the protein concentration and starch granule size played a role in chalkiness formation under these experimental conditions.
Introduction
The global atmospheric concentration of carbon dioxide, [CO 2 ], has increased from around 280 μmol mol −1 in pre-industrial times to the present 398 μmol mol −1 (NOAA-ESRL 2014), and will continue to increase in the foreseeable future according to recent reports (IPCC 2013) . As CO 2 is an essential substrate for the photosynthesis of crops, the rising [CO 2 ] exhibits significant impact on crop production.
A considerable body of data on different crops has shown that an increased [CO 2 ] leads to numerous physiological changes in plants, such as changes in photosynthesis and assimilate accumulation, nutrient uptake and translocation, water use efficiency, and gene expression and enzyme activity (Ainsworth et al. 2007; DaMatta et al. 2010; Tausz et al. 2013) . These altered processes are expected to improve crop growth and yield, but they also impact on the chemical and physical characteristics of seeds or grains, resulting in quality changes of harvested products.
Rice (Oryza sativa) is the staple food of more than half of the world's population (IRRI 2002) . The major rice producing and consuming countries, like China and India, are experiencing rapid economic development where the demand for high-quality rice is increasing with improved living standards and population growth (Bruinsma 2009 ). However, rising [CO 2 ] could have negative impacts on rice quality Wang and Michael 2011; Myers et al. 2014; Usui et al. 2014 ), which will further challenge the supply of high-quality rice to meet the world's growing needs.
Rice quality is a multi-faceted trait that encompasses physical appearance, cooking and sensory properties, and nutritional value (Fitzgerald et al. 2009 ). In the few available cases, elevated [CO 2 ] caused the deterioration of processing suitability and appearance (Terao et al. 2005; Yang et al. 2007 Yang et al. , 2010 ; Usui et al. 2014) . The nutritional value was reduced by elevated [CO 2 ], in particular, protein showed a consistent decrease with elevated [CO 2 ] in reports by different research groups (Lieffering et al. 2004; Terao et al. 2005; Yang et al. 2007; Taub et al. 2008; Seneweera 2011) , which raised concerns that increasing [CO 2 ] might threaten human nutrition (Myers et al. 2014) . There were no consistent changes in the cooking and eating quality (Seneweera et al. 1996; Terao et al. 2005; Yang et al. 2007) , the effects of elevated [CO 2 ] on amylose content varied in these three studies, showing reduced, unchanged and higher levels respectively, probably due to the use of different cultivars .
Although the effect of elevated [CO 2 ] on the rice quality has been studied previously, the reports are rather descriptive and the underlying physiochemical mechanisms are largely unexplored . Changes in grain filling rate and canopy temperature could be possible reasons as discussed in Yang et al. (2007) , but how these changes cause the deterioration in grain quality remains unclear. Other possibilities such as alteration in source-sink balance under elevated [CO 2 ] was not yet tested. Source limitation induced by various growing conditions has often been claimed to cause more chalky and broken grains (Kobata et al. 2004; Nakagawa et al. 2006; Tsukaguchi et al. 2011) . On the contrast, sink size reduction by partial spikelets removal often results in less chalky grains and better grain quality (Yuan et al. 2005; Tao et al. 2006) .
To understand whether the grain quality response to high [CO 2 ] is under the control of sink-source balance, we manipulated the source/sink ratio by spikelet removal under both ambient and elevated CO 2 conditions. Partial spikelet removal is a method often applied to reduce the sink size, but it also increases the source share of the individual grains of a panicle ). Elevated [CO 2 ] increases source/sink ratio of inbred japonica rice as demonstrated by Zhu et al. (2014) . By examining the differences in milling degree, chalkiness formation and starch properties between two treatments, [CO 2 ] elevation and spikelet removal, we try to find the hidden factors attribute to grain quality changes of a japonica rice cultivar under elevated [CO 2 ].
Materials and methods

Plant cultivation and treatments
The free-air CO 2 enrichment (FACE) system was established in the town of Xiaoji, Yangzhou, Jiangsu Province, China (119°42´E, 32°35´N), where a rice-wheat rotation is used by local farmers. This region lies within the northern sub-tropical monsoon climate. The annual mean temperature is 14-16°C, the mean annual precipitation is 980 mm and the annual length of the non-frost period is approximately 220 d. The soil is a Shajiang Aquic Cambosol with a sandy-loamy texture.
The FACE system was described in detail by Liu et al. (2002) . In brief, the FACE System consists of octagonal plots located in different paddies with similar soils and agronomic histories. The plots have either elevated (hereafter called FACE plots) or ambient [CO 2 ] (hereafter called ambient plots). Each plot is ca. 80 m 2 . In the FACE plots, plants were exposed to elevated [CO 2 ] within rings 12 m in diameter that emitted pure CO 2 from the periphery toward the center through emission tubes located about 50-60 cm above the canopy. In the ambient plots, plants were grown under ambient [CO 2 ]. To minimize CO 2 contamination, ambient plots were at least 90 m from the nearest FACE ring. The [CO 2 ] in FACE plots was constantly controlled at about 200 μmol mol -1 higher than in the ambient plots from tillering to maturity. The season-long average [CO 2 ] for daylight hours was 587.9 and 395.3 μmol mol -1 in the FACE and ambient plots, respectively.
Rice seeds of inbred japonica rice Wuyunjing 23, a popular cultivar in the region, were sown in a nursery paddy in late May, 2013. The seedlings were grown in the nursery paddy under ambient air conditions for 1 mon, then uniform seedlings were selected and manually transplanted into subplots, which were distributed randomly in each ambient and FACE plot. Planting density was one seedling per hill.
Spacing of the hills was 16.7 cm×25 cm (equivalent to 24 hills m -2 ). Both phosphorus (P) and potassium (K) were applied as compound chemical fertilizer at equal rates of 9 g m −2
as the basal dressing at 1 d before transplanting. Nitrogen (N) was supplied as urea (N=46%) and compound chemical fertilizer (N:P 2 O 5 :K 2 O=15:15:15) at a rate of 22.5 g N m −2 . Of the total N, 40% was applied as the abovementioned basal dressing, 30% was top-dressed 7 d after transplanting (DAT) and 30% top-dressed at 35 DAT. Standard cultivation practices as commonly performed in the area were followed in all experimental plots. In brief, the paddy fields were submerged with water of about 3 cm in depth from transplanting to 30 DAT, and then the fields were subjected to wet-dry cycles through natural drainage and intermittent irrigation. At 10 d before harvest, irrigation was terminated to allow paddy fields to dry for final harvesting. The plants in both the ambient and FACE plots were surrounded with border plants treated in the same way as the plants inside the plots. Pesticides and fungicides were applied when necessary throughout the experiment.
At anthesis, the panicles flowering on the same day were selected and tagged, half of these panicles were subjected to spikelet removal treatment. Spikelet removal was achieved through interval clipping of primary branches on a panicle by a scissor, which resulted in half spikelets were removed on each treated panicle.
Determination of grain quality traits
At maturity, yield component (i.e., the panicle number per unit land area, spikelet number per panicle, spikelet fertility and individual grain weight) were determined according to Yang et al. (2009) . The grain was harvested and threshed, and fertile grain was selected using an airflow separator. The evaluation of rice processing quality, namely the brown rice percentage, milled rice percentage and head rice percentage, followed the standard methods of GB/T 17891-1999. The brown rice percentage is defined as the weight percentage of brown rice obtained from a sample of rough rice, while the milled rice percentage is expressed as the weight percentage of milled rice obtained from a sample of rough rice. Head rice refers to the milled rice with a length greater or equal to three-quarters of the whole kernel, and the head rice percentage is expressed as the weight percentage of head rice obtained from a sample of rough rice. The appearance characteristics of head rice, chalky grain percentage and chalkiness degree, were measured using a chalkiness visual scanner equipped with software (JMWT12, Dongfujiuheng GmbH, China). The chalky grain percentage is defined as the percentage of the number of chalky head rice grains to the total number of head rice grains, while the chalkiness area is defined as the percentage of total chalkiness area relative to the total area of scanned head rice grains. Chalkiness degree is the product of chalky rice percentage and chalkiness area.
The protein and amylose contents of head rice samples were determined by Infratec 1241 grain analyser (FOSS Tecator AB, Hoganas, Denmark), a near-infrared transmittance analyzer. Then the samples were ground with a stainless steel grinder with a 100-mesh sieve for subsequent analyses of starch properties. The measurements of the total starch followed the methods described by Frei et al. (2003) . The amylopectin content was obtained through substituting the amylose content from the total starch, and then the ratio of amylose to amylopectin was calculated. Rapid viscosity analyzer (RVA) profiles of starch were analyzed with super 3 rapid viscosity analyzer (Newport Scientific Co., Sydney, Australia) using the thermal cycle for Windows software. The RVA paste viscosity was determined according to the protocol of the American Association of Cereal Chemists (AACC 1995-61-02).
Starch isolation and determination of granule-size distribution
Starch was extracted from rice flour based on the methods of Sodhi and Singh (2003) with some modifications. Rice flour (10 g) was suspended in 20 mL of sodium hydroxide (NaOH) solution (pH 9.5) in a 50-mL centrifuge tube. Excess alkaline protease (50 mg g -1 , Solarbio, China) was added into the suspension and the solution was kept at 42°C with continuous stirring. The suspension pH was adjusted to 9.5 with NaOH throughout the hydrolysis when it dropped below pH 8.5. Approximately 18 h later, the slurry was filtered through 200-mesh cheesecloth and the supernatant was centrifuged at 4 000 r min -1 for 20 min to obtain the crude starch. The crude starch was purified five times by re-suspending in distilled water and centrifuging at 4 000 r min -1 for 20 min. After that, further purification of lipid removal was achieved by using anhydrous ethanol, a mixture of methanol and chloroform (v/v=1:1) and a mixture of methanol and acetone (v/v=1:1), respectively. The starch was then air-dried at room temperature, filtered through 200-mesh cheesecloth and stored at 4°C.
Starch granule size was determined using a laser particle-size analyzer (Mastersizer 2000, Malvern, England) as described by Sadowski et al. (2008) with some modifications. About 50 mg of starch was weighed into 10 mL tubes and suspended with 5 mL of double-distilled water. The tubes were vortexed and then kept still for 3 min. The starch suspension was transferred into the dispersion tank of the Mastersizer 2000 containing double-distilled water for the granule-size distribution measurements. Measurements were taken in the range of 0.02-2 000 μm under the following conditions: water mobile phase, particle refractive index of 0.54, particle absorption coefficient of 4, water refractive index of 1.33, and a general calculation model for irregular particles. Ten measurement cycles of 10 s each were used, and the data obtained were averaged using the equipment software (Mastersizer 2000, ver. 5.20 from Malvern).
Statistical analyses
A split-plot design was employed with [CO 2 ] as main-plot treatment and spikelet-removal as the split-plot treatment. Each treatment combination had three replications. Analysis of variance (ANOVA) was performed using the software Statistical Product and Service Solutions (SPSS Inc., Chicago, IL, USA) to determine the main effects of [CO 2 ], spikelet removal and the effects of their interaction. Treatments were compared by Tukey's test and differences were declared statistically significant if P<0.05. Pearson's correlations were calculated to determine the relationships between the different parameters of rice quality.
Results
Processing quality
The processing quality of rice grains was evaluated by the percentages of brown rice, milled rice and head rice (Table 1 ). Both [CO 2 ] elevation and spikelet removal reduced the brown rice percentage, but had no effect on the milled rice percentage. The decrease of head rice percentage induced by [CO 2 ] enrichment was only detected on intact panicles, while there was no [CO 2 ] effect for panicles with half of the spikelets removed at flowering. Spikelet removal significantly enhanced the head rice percentage, with a 67.0% increase under ambient and a 101.8% increase under elevated [CO 2 ] conditions, thus there was a significant interaction between [CO 2 ] enrichment and spikelet removal (P<0.01). There was no similar interaction effect for the brown or milled rice percentage.
Grain chalkiness
Grain chalkiness is a major trait denoting appearance quality of head rice. On average, elevated [CO 2 ] increased the chalky grain percentage and the chalkiness degree of head rice samples by 90.1% (P<0.001) and 99.4% (P=0.001), respectively (Fig. 1) . In contrast, half-spikelet removal at flowering resulted in a lower chalky grain percentage (-36.0%, P=0.005) and chalkiness degree (-49.7%, P=0.01) across all [CO 2 ] treatments, and the reduction of grain chalkiness by spikelet removal was much greater at ambient conditions compared with elevated [CO 2 ] conditions. There was only a weak interaction between [CO 2 ] enrichment and spikelet removal for the two parameters.
Starch granule size
Both [CO 2 ] elevation and spikelet removal changed the distribution pattern of starch granule size, with a greater effect of spikelet removal (Table 2) . On average, [CO 2 ] elevation increased the proportion of large starch granules (diameter of 5-10 μm) by 5.5%, while 3.7 and 3.0% decreases were recorded for starch granules of diameters of 2-5 and <2 μm, respectively (Table 2 ). Averaged across [CO 2 ] levels, spikelet removal decreased the proportion of starch granules with diameter >10 and 5-10 μm by 23.6 and 5.6%, respectively; and increased the proportion of those of diameter 2-5 and <2 μm, by 4.6 and 3.3%, respectively.
Cooking and eating quality
The four parameters of cooking and eating quality, i.e., the amylose concentration, ratio of amylose to amylopectin, gelatinization temperature, and protein concentration, are presented in Fig. 2 Fig. 2-B) , although there was no [CO 2 ] effect on the amylose concentration ( Fig. 2-A) ; spikelet removal had no effect on the two parameters. The gelatinization temperature was not Fig. 2-C) . The grain protein concentration showed a very different response to the two treatments ( Fig. 2-D) . The CO 2 -induced decrease in protein concentration was small, averaging 3.8% across the spikelet-removal treatments (P=0.053). In contrast, spikelet removal had a pronounced influence on the protein concentration irrespective of [CO 2 ] treatments (P<0.001), with increases of 12.0 and 13.2% for the ambient and elevated [CO 2 ] environments, respectively. There were no significant interactions between [CO 2 ] enrichment and spikelet removal for the four cooking and eating quality attributes.
The starch pasting properties of rice flour were evaluated by an RVA profile, including peak viscosity, hot viscosity, final viscosity, breakdown, setback, and consistency (Fig. 3) . Except for the value of setback, all parameters in the RVA profile were not affected by [CO 2 ]. In contrast, strong effects of spikelet removal were observed in the RVA profile. Averaged across [CO 2 ] levels, spikelet removal increased peak viscosity, hot viscosity, final viscosity, and setback by 5.8% (P=0.089), 18.6% (P=0.032), 12.8% (P=0.004), and 96.2% (P<0.001), respectively, while there was a 23.1% reduction (P=0.019) in the value of breakdown. There was no significant interaction between [CO 2 ] enrichment and spikelet removal for any of the measured characteristics of the RVA profile.
Discussion
The processing quality of rice is directly related to its market value and thus influences the income of farmers. Among three parameters related with the processing quality applied in this study, the head rice percentage of cultivar Wuyunjing 23 had the largest response to [CO 2 ] elevation and spikelet removal (Table 1) . Similar to the findings with another japonica rice cultivar Wuxiangging 14 , [CO 2 ] elevation significantly decreased the head rice percentage (Table 1 ). In contrast, spikelet removal increased the head rice percentage by >80%. Unlike other cereals, rice is consumed mostly in the form of head rice. The head rice percentage can be reduced by many factors such as high temperature during the grain-filling period, high moisture content during harvest, as well as unfavorable postharvest storage conditions (see review of Siebenmorgen et al. 2013) . Satapathy et al. (2014) found the decrease in rice milling quality was associated with the increase of canopy temperature (+0.8°C) during grain-filling stage under elevated CO 2 (25% higher than ambient) in a field experiment by using open-top chambers. Whether spikelet removal have a significant effect on rice milling degree depends on the degree of the removal, cultivar characteristics and the environment factors (Yuan et al. 2005; Tao et al. 2006; Wang et al. 2007 ). Tao et al. (2006) demonstrated that spikelet removal increased head rice percentage by 10% in early-rice, compared to 3% in laterice with the same varieties, indicating the planting season also affect the treatment effects. In the present study, we observed dramatic increase in head rice percentage by spikelet removal, 67% under ambient and 102% under elevated [CO 2 ], which was much higher than the increment found in other studies. The tremendous treatment effect may attribute partially to the cultivar difference, in addition, the degree of spikelet removal (50%) applied in this study is greater than that in other studies (40% or less) (Yuan et al. 2005; Tao et al. 2006) .
A prominent phenomenon in this study was the [CO 2 ]-induced increase but spikelet-removal-induced decrease in grain chalkiness (Fig. 1) . The greater extent of chalkiness implies that such rice grains are prone to breakage during milling, as also indicated by a close negative correlation in this study between the chalkiness degree and head rice Table 3 ). The results of this study were in agreement with other reports (Nakatat and Jackson 1973; Yang et al. 2007; Usui et al. 2014) . Less chalky grains and chalkiness area by spikelet removal were also reported in other studies on rice, but the underlying mechanism was unclear (Yuan et al. 2005; Tao et al. 2006) . Previous studies in comparing translucent vice variety S199 and its sister variety F199c with completely chalky grains have suggested that a slower translocation of solute from source to sink in the translucent than in the chalky variety (Raju and Srinivas 1991) . Spikelet removal might inhibit the initial vigor in assimilates translocation from source to sink thus starch filling of developing endosperm. Week sink strength may favor the slow translocation of assimilates and steady grain filling rate, resulting in translucent grains. In contrast, at elevated [CO 2 ] environment, elevated canopy temperature induced fast grain filling rate at the early grain filling stage, which favors chalkiness formation (Li et al. 2006; Yang et al. 2007 ). However, grain filling rate at late grain-filling stage was significantly decreased by [CO 2 ] enrichment, and the duration of grain filling at middle and late grain-filling stages were shortened (Hu et al. 2007) , which resulted in poor grain filling and eventually caused an increase in grain chalkiness.
Among all the quality traits measured, only the starch granule size and the protein concentration were closely associated with the grain chalkiness degree (Table 3 ). The results indicated that the grain chalkiness changes observed in this study might attribute to starch granule size changes, in combination with the protein content modification. Spikelet removal dramatically decreased chalky grain percentage and chalkiness degree (Fig. 1) , which was closely associated with the shifting of the starch granule distribution toward smaller starch granules (Table 2 ). Elevated [CO 2 ] increased the chalky traits (Fig. 1) and shifted the starch granule size toward a greater proportion of large granules ( Table 2 ). The significant negative correlation between the numbers of small size starch granules (<5 μm) and the grain chalkiness (r=-0.899 ** to -0.758 ** , Table 3 ) indicated that the higher numbers of small starch granules may favor the tight packing of starch granules, thus reducing the air space and chalkiness. The air spaces between loosely packed starch granules can change the light reflection, leading to the chalky appearance of kernels (Tashiro and Wardlaw 1991) .
Protein concentration is an important trait of nutritional quality. Our results indicated that elevated [CO 2 ] only had a marginal effect on the protein concentration , but there was a significant increase (by 13%) after spikelet removal (Fig. 2-D) . Grain protein concentration also plays an important role in the grain chalkiness formation. An association between the protein concentration and the chalkiness was previously reported (Terao et al. 2005) . More recently, by using transgenic rice differing in the genes coding for chalkiness formation, more protein was found for the translucent rice (Li et al. 2014) . In the present study, the grain protein concentration was significantly and negatively correlated with the chalky grain percentage (r=-0.750 ** ) and the chalkiness degree (r=-0.857 ** , Table 3 ). In rice, protein is considered as the glue that adheres starch granules together, thus more protein may result in less air space and chalkiness. However, why spikelet removal results in high protein concentration in the remaining grains will require further research. The increase in the amount of N-assimilates per grain after spikelet removal is a possible reason to start with.
Protein content also influences the starch pasting properties of cooked rice; higher protein concentration is often correlated with lower values of breakdown and higher values of setback (Yanase et al. 1984; Yang et al. 2007) , thus leading to reduced viscosity and elasticity when cooked (Matsue et al. 1997) . In the present study, further association analysis also indicated a negative correlation between the protein concentration and breakdown values (r=-0.537, P<0.1) but a strong positive correlation between the protein concentration and the values of setback (r=0.678 * , Table 3 ). In addition, the protein concentration was positively correlated with the gelatinization temperature (r=0.652 * , Table 3 ). Higher protein concentration of rice is linked with lower taste quality (Juliano et al. 1965; Matsue et al. 1997) , but on the positive side is also associated with enhanced nutritional value, less chalkiness and increased processing suitability. Significant increases in the protein concentration by removal of half of the spikelets may partially account for the dramatic increase in the head rice percentage, as indicated by the positive correlation between the two parameters (r=0.915 ** , Table 3 ). Similar correlation between protein content and the head rice percentage was previously reported (Okadome et al. 1999) .
In the present study, CO 2 enrichment and spikelet removal not only changed grain quality, they also affected yield parameters. Because CO 2 enrichment started at tillering, the panicle number per unit land area increased greatly, but the spikelet number per panicle was unchanged under CO 2 enrichment, it implies that elevated [CO 2 ] didn't change the sink size of an individual panicle. As for spikelet removal treatment, the sink size was reduced to half because half of the spikelets of a panicle were removed at anthesis. Both treatments increased the source share of individual grains of a panicle by: reduced grain density in the case of spikelet removal, and more assimilates reserves due to enhanced photosynthesis before grain-filling in the case of CO 2 enrichment. The latter case was supported by Zhu et al. (2014) , they found the source/sink ratio was increased by elevated [CO 2 ] for a japonica rice. Therefore, the opposite effect of CO 2 enrichment and spikelet removal on grain quality was associated with the different magnitudes of assimilate surplus between two treatments, doubling in spikelet removal but only around 20% increase in CO 2 enrichment (Zhu et al. 2014) . The dramatic surplus in assimilate by spikelet removal enhanced grain filling, resulted in higher spikelet fertility (+9.5%), heavier grain mass (+11.0%) and superior grain quality. On the contrast, relatively small surplus in assimilate by CO 2 enrichment during grain filling (mainly from the reserves in culm before flowering) may not able to counterbalance the influence of canopy temperature increase, resulted in poor grain quality.
Conclusion
Increased [CO 2 ] is thought to increase the source capacity of rice, and partial spikelet removal is usually used to reduce sink capacity, with both methods theoretically increasing the source share of individual grains. However, the rice quality responses to the two methods of source-sink manipulation were opposite: The head rice percentage and grain protein concentration were decreased slightly by [CO 2 ] elevation, but dramatically increased by spikelet removal; similarly, the grain chalkiness increased with elevated [CO 2 ] but decreased with spikelet removal. In addition, spikelet removal decreased the percentage of large starch granules and increased that of small starch granules, while CO 2 elevation showed an opposite effect. These results, together with the correlation analysis among all measured grain quality traits, indicate that the starch granule size and protein concentration play a role in grain chalkiness formation and determine the head rice percentage of rice grains.
